1. Introduction {#sec1}
===============

Biodegradable Magnesium (Mg) and its alloys are candidate metallic materials for consumable bioimplant application due to their non-toxic oxide product, biocompatibility, and similar elastic modules to human bone \[[@bib1], [@bib2], [@bib3]\]. Mg alloys are suitable to manufacture stents and plates for temporary function of mechanical support to a fracture bone until they completely dissolute and be absorbed by the surrounded tissue, without secondary surgical procedure requirement \[[@bib4],[@bib5]\]. Nevertheless, Mg-base implants suffer severe corrosion because of their low electrochemical potential in a physiological environment with rich Cl ions content \[[@bib2],[@bib6]\]. In addition, the presence of secondary phases in Mg leads galvanic coupling effects and aggravate localized pitting corrosion \[[@bib7],[@bib8]\]. The rapid corrosion of Mg alloys not only deteriorates their mechanical integrity but also releases severe hydrogen gas upon corrosion, causing implant failure and cell detachment on implant surface before the bone can fully heal \[[@bib2]\]. To address this issue, diverse methods such as alloying, surface coating, and surface composite are used to overcome corrosion issue as well as improve apatite formation and cell adhesion on Mg surface. In present, the conventional alloying elements for Mg biomaterials are Aluminum (Al), Zinc (Zn), Calcium (Ca), Manganese (Mn), Zirconium (Zr), and rare earth (RE) \[[@bib9],[@bib10]\]. Among these elements, Al and RE are noticed as neurotoxicant and hepatotoxicity to human, respectively \[[@bib11],[@bib12]\]. Their dissolved ions can accumulate in human metabolic system and eventually may induce diseases and organ damage such as Alzheimer, dementia, and hepatitis \[[@bib11],[@bib12]\]. Hence, the added content of these metallic elements needs to be carefully controlled for the sake of health safety. Besides that, ceramic materials such as bioglass and calcium phosphate base (Ca--P) ceramic are also favorable composite materials for medical applications due to their excellent biocompatibility, rapid biomineralization, and protein absorption \[[@bib13], [@bib14], [@bib15]\]. Especially Ca--P is the major composition in human bone, and can induce osteoconductive process, recruitment of immature cells and the stimulation of these cells to develop into preosteoblasts \[[@bib16]\]. Therefore, Ca--P is suitable for surface coating or composites of metallic base implants with improvement of biocorrosion and biocompatibility. On account of this, the investigation of bioceramic incorporated in Mg-base implant has grown significantly in the area of biomaterials.

Hydroxyapatite (HA, Ca~10~(PO~4~)~6~OH~2~) is one of the promising Ca--P minerals that has similar chemical composition and crystallographic structure to natural bone \[[@bib17]\]. Owing to its ostecoconductive behavior, HA can form tight bonding with bone tissues in short period of time. Furthermore, the growth of apatite mineral phase on HA during implantation not only enhances osteoinduction but also reduces degradation rate of the substrate \[[@bib18]\]. In light of this, HA is conceived to be a promising material for orthopedic applications of Mg alloy. HA surface coating on Mg substrate to improve biocorrosion resistance and biocompatibility is a well known technique \[[@bib18], [@bib19], [@bib20], [@bib21], [@bib22]\]. Nevertheless, due to the lack of binding of coating with the substrate, the degradation behavior of Mg substrate depends on the quality of surface coating. The presence of defects such as cracks and porosity between the coating layer and substrate can act as anodic sites and trigger corrosion reaction in underlaid substrate, leading the failure of coating before the stabilization of apatite layer. Due to the weak bonding reaction and large thermal properties variation between Mg matrix and HA ceramic particle it is a challenge to produce defect free coating layer. Hence, a fabrication of Mg/HA composite can be an alternate solution to avoid these issues.

Several techniques such as powder metallurgy, melting and extrusion, high-frequency induction heat sintering, laser surface processing, and friction stir process (FSP) have been utilized to fabricate Mg/HA composites \[[@bib21],[@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28]\]. This study explored fabrication of AZ31B-HA surface composites via friction stir additive manufacturing. The major advantages of FSP are to produce refined grain structure in Mg matrix and to disperse HA particle into Mg matrix \[[@bib29],[@bib30]\]. During FSP, a rotating tool consisting of a cylindrical shoulder and small pin is inserted into Mg surface. Such stirring action between rotating tool and matrix generates localized heat and causes material matrix soften, resulting in mechanical mixing of the ceramic HA particles with it. Furthermore, due to a significant plastic deformation caused by the tool rotating movement, dynamic recrystallization is induced in the processing region, hence assisting in reducing average grain size of material matrix \[[@bib27],[@bib30]\]. The current investigation involved addition of incremental amounts of HA particles into the matrix of AZ31B Mg alloy. Due to the low Al contain, AZ31B Mg alloy is considered as biocompatible material in Al--Zn series \[[@bib22]\]. The present study also investigated microstructure and phase evolution in additively produced AZ31B Mg-HA surface composites, henceforth referred as Mg-HA surface composites. Moreover, effects of microstructure evolution on surface wettability, biomineralization behavior, blood compatibility, and cell viability of these FSP surface composites were explored and compared with untreated AZ31B Mg alloy in simulated body fluid (SBF) environment. In addition, the corresponding microstructure evaluation, mineral phase surface morphology, and chemical composition were studied.

2. Experimental procedures {#sec2}
==========================

2.1. Materials and sample preparation for additive FSP {#sec2.1}
------------------------------------------------------

The sheets of 20 mm × 127 mm x 2.3 mm (width x length x thickness) were cut from commercial AZ31B Mg alloy sheets (composition: 3.0 wt% Al, 1.0 wt% Zn, 0.5 wt% Mn, and Mg balance) for this study. Pure hydroxyapatite powder (97.9--99.9% ACROS ORGANICS Inc.) was used to produce AZ31B Mg-HA metallic matrix composites. The average HA particle size was 10 *μ*m. Three different weight percentages of HA powder (5 wt%, 10 wt%, and 20 wt%) were employed with respect to the fixed weight of the AZ31B Mg plates. [Fig. 1](#fig1){ref-type="fig"} shows the schematic isometric view of packed sample. The detail of packing process had been described in the previous literature \[[@bib21],[@bib31]\].Fig. 1Schematic of (a) isometric view of the FSP, (b) top view of the FSP, (c) side view of the FSP procedures followed in the current work.Fig. 1

2.2. Friction stir processing {#sec2.2}
-----------------------------

The FSP was employed to incorporate and disperse HA powder into AZ31B Mg matrix as show in [Fig. 1](#fig1){ref-type="fig"}. The rotation FSP tool included a threaded pin (6 mm in diameter and 6 mm in thickness) and a shoulder (16 mm in diameter) made of nitrided high-speed steel. The rotating tool was traversed along the traverse axis of the sample with a linear speed of 30 mm/min, rotation speed of 900 RPM, and 3° traverse angle. After FSP tool traversed over the processed region it went back to the original starting point without stirring the sample and the sheet being processed was rotated 180°. This process was repeated 10 times to ensure the HA powder was uniformly mixed into Mg matrix during FSP.

2.3. Phase identification {#sec2.3}
-------------------------

Phases formed in the FSP Mg-HA composites and as-received Mg were characterized by X-ray diffraction (XRD, Rigaku III Ultima X-ray diffractometer) with Cu K$\alpha$ radiation (wavelength = 0.15418 nm). The XRD system was operated at 40 kV and 44 mA in a 2θ range of 20--50° using a step size of 0.025° and a scan rate of 1°/min. The XRD analysis software JADE was utilized to identify phases in the XRD spectrum. The phases present in the resulting pattern were identified by comparing the XRD spectra with standard International Center for Diffraction Data (ICDD) files obtained from the Joint Committee of Powder Diffraction Standards (JCPDS).

2.4. Microstructure {#sec2.4}
-------------------

In the present work, the microstructure and elemental distribution within as-received Mg and the stir zone of FSP Mg-HA composites were examined by the scanning electron microscope (SEM) equipped with Energy-Dispersive X-ray Spectroscopy (EDS) (FEI Quanta 200 environmental ESEM). In order to extract the FSP stir zone of Mg-HA composites, the samples were cut into 6 mm × 6 mm x 5 mm coupons using slow speed diamond saw. All FSP Mg-HA composites and as-received Mg coupons were mounted in epoxy prior to SiC paper polishing (grit size:600 to 1200). The following cloth polishing was carried out by using aluminum oxide (Al~2~O~3~) powder (particle size ranging from 1 to 0.03 μm) to remove the surface scratches from paper polishing. The finished coupons were then ultrasonically cleaned with methanol for 30 min prior to atmospheric drying. To reveal the microstructural features, all polished coupons were etched in the mixture of 5 mL acetic acid, 6 g picric acid, 10 mL H~2~O, and 100 mL ethanol (95%) for approximately 5 s by immersion etching. The specific microstructural attributes in various SEM micrographs were then quantified using ImageJ™ software. In addition, Philips 420 Transmission Electron Microscope (TEM) was utilized to gain the insight into fine scale to study the microstructure evolution of FSP Mg-HA composites.

2.5. Contact angle measurement {#sec2.5}
------------------------------

The surface wettability evaluation of as-received Mg and all FSP Mg-HA composites were carried out by contact angle measurement using CAM-Plus^*R*^ contact angle goniometer (Cheminstruments Inc. Fairfiled, OH), equipped with fiber optic light source. A liquid droplet of volume 3 μL (drop diameter of 2 mm) was placed on the thoroughly cleaned sample by a hypodermic syringe. The liquid droplet was placed on the surface for approximately 10 s to stabilize before the reading was taken. The measurement was carried out at room temperature (25.0 °C) and a minimum of ten contact angle readings were taken on each testing surface to minimize errors in the measurement. In order to eliminate the error associated with the arbitrary tangential alignment, the contact angle was measured based on the patented half angle method (US Patent 5268733).

According to the Van Oss approach \[[@bib32]\], the surface energy can be calculated by the following Equation:$$1 + \cos\ \theta_{\gamma L} = 2\left\{ {\sqrt{\gamma_{S}^{LW}\gamma_{L}^{LW}} + \sqrt{\gamma_{S}^{+}\gamma_{L}^{-}} + \sqrt{\gamma_{S}^{-}\gamma_{L}^{+}}} \right\}$$

In this equation $\theta$ is the contact angle of liquid and solid, $\gamma$ is the surface energy, it can be divided into the Lifshitz - van der waals surface $\left( \gamma^{LW} \right)\ $ and Lewis acid-base surface energy ($\gamma^{AB}$) components as in the following equations:$$\gamma = \gamma^{LW} + \gamma^{AB}$$$$\gamma^{AB} = 2\sqrt{\gamma^{+}\gamma^{-}}$$Here $\gamma^{+}$ is the Lewis acidic or the electron-acceptor components, $\gamma^{-}$ is the Lewis basic or the electron-donor component. The subscripts S and L represent solid and liquid, respectively. To solve three unknown components ($\gamma_{S}^{LW}$, $\gamma_{S}^{+}$, and $\gamma_{S}^{-}$) in Equation [(1)](#fd1){ref-type="disp-formula"}, three well characterized test liquids were required. One non-polar liquid (1-Bromonaphthalene) and two polar liquids (Water and Formamide) were used in the test. The surface energy components of these three liquids were listed in [Table 1](#tbl1){ref-type="table"} \[[@bib33],[@bib34]\]. In order to correlate the surface energy calculations to wettability evaluation of as-received Mg and all FSP Mg-HA composites, the contact angle measurements were also performed for simulated body fluid (SBF) solution. The preparation process of SBF had been described in the previously published literature \[[@bib35]\].Table 1Surface energy components of the standard liquids (unit:mJ/m^2^).Table 1LiquidsTotal Surface EnergyVan Der Waals Surface EnergyLewis Acidic Surface EnergyLewis Acidic Surface Energy$\gamma$$\gamma^{LW}$$\gamma^{+}$$\gamma^{-}$1-Bromonaphthalen44.444.400Formamide58.039.02.2839.6Water72.821.825.525.5

2.6. Biomineralization evaluation {#sec2.6}
---------------------------------

To predict the cell integration, all FSP composites and as-received Mg were cut into coupon of 5 mm × 5 mm and mounted in epoxy for *in-vitro* SBF immersion. The test coupons were immersed in SBF solution at constant temperature (36.5 °C). In order to avoid gravity effect on mineralization behavior, all immersed coupons were vertically placed in SBF. The volume of SBF for the immersion test was determined by V~*s*~ = S~*a*~/10, where V~*s*~ is the volume of SBF (mL) and S~*a*~ is the surface area of the coupon (mm^2^). The immersed time for this measurement were 1, 4, 8, and 12 days, and the SBF solution was refreshed every 24 h to maintain pH of 7.4. The immersed coupons were removed from SBF and rinsed with deionized water and then dried in ambient atmosphere. The mineralized surface morphology observation was conducted by SEM and EDS, and the element analysis of the mineralized surface was conducted by X-ray photoelectron spectroscopy (XPS, VersaProbe^*T\ M*^ 5000). The monochromatic X-ray beam source at 1486.6 eV, 49.3 W, and 200 μm beam diameter was operated to scan upon the mineralized surface. The vacuum condition was 5 × 10^−6^ Pa for the analysis.

2.7. Platelet adhesion {#sec2.7}
----------------------

The samples were cut into 5 mm × 5 mm x 2 mm (width x length x thickness) using a slow speed diamond saw. The samples were placed in a 48-well plate and 60 μL of platelet rich plasma (PRP) (Zen-Bio, US) was placed over each sample surface and incubated at 37 °C for 1 h. The samples were subsequently rinsed gently with PBS to remove the non-adherent platelets, and fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, US) and 2% glutaraldehyde solution (Fisher Chemical, US) at room temperature for 2 h, followed by dehydration with gradient ethanol (30%, 50%, 70%, 90%, and 100%) and then hexamethyldisilazane (HMDS), each step for 10 min. The samples were stored in a desiccator and sputter-coated with gold before SEM observation. The adhered platelets were counted from at least six SEM images at 2000x magnification for each sample.

2.8. Hemolysis test {#sec2.8}
-------------------

Healthy human blood containing 3.8% sodium citrate (Zen-Bio, US) was diluted with 0.9% sodium chloride solution (4:5 ratio by volume). The samples were immersed in 15 mL centrifuge tubes containing 9.8 mL 0.9% sodium chloride solution and incubated at 37 °C. After 30 min, 200 *μ*L of diluted blood was added to each tube and incubated at 37 °C for 1 h. Meanwhile, 200 *μ*L of diluted blood was added to 9.8 mL deionized water and 0.9% sodium chloride solution, respectively, as positive and negative controls. After centrifuging the tubes at 3000 rpm for 5 min, the supernatants were collected and the absorbance (A) was measured at wavelength of 545 nm in a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, US). The hemolysis ratio (HR) was calculated by the following equation:

2.9. MTT assay and cell counting {#sec2.9}
--------------------------------

The samples were placed in a 48-well plate and sterilized with UV for 30 min followed by rinsing with PBS buffer. The murine calvarial pre-osteoblasts (MC3T3-E1, ATCC CRL-2593, US) were seeded in the plate at a density of 10,000/cm^2^ and cultured for 1 and 7 days in 37 °C and 5% CO~2~.

The cell biocompatibility was examined by conducting MTT assay (Life Technologies, US). After cultured for the predetermined day, the test coupons were transferred to a 96-well plate, and filled with 100 *μ*L of fresh culture medium and 10 μL of 12 mM MTT stock solution in each well.

Meanwhile, 10 μL of the MTT stock solution was added to 100 μL of medium alone in a well as negative control. The plate was then incubated at 37 °C for 4 h. Subsequently, the medium was removed from the wells and 50 μL of DMSO was added to each well and mixed thoroughly with pipette. After incubation at 37 °C for 10 min, each well was mixed again, and the medium was transferred to a new well and absorbance was read at wavelength of 540 nm in plate reader. Each processed condition was repeated 3 times.

The cell biocompatibility was also quantified by counting adherent cells. After cultured for 1-day or 7-day, the coupons were transferred to 96-well plate and rinsed with PBS buffer solution. 100 μL of 0.05% Trypsin/EDTA was added to each well to release the cells from the surface. Total cell count for each sample was determined using countess II automated cell counter (Invitrogen, US). The cell counting was repeat 3 times for each processed condition.

2.10. Immunofluorescence staining {#sec2.10}
---------------------------------

The MC3T3 cells at a seeding density of 10,000/cm^2^ were cultured on the substrates for 1 day and fixed for immunofluorescence observation as follows. The samples were rinsed gently with PBS and fixed with 4% PFA solution for 15 min at room temperature. Subsequently, the samples were rinsed 3 times with PBS and blocked for 1 h at room temperature using PBST solution (PBS supplemented with 0.2% Triton X-100) containing 0.03 g/mL bovine serum albumin (BSA, Sigma-Aldrich, US) and 0.1% goat serum (Sigma-Aldrich, US). The samples were then incubated with Alexa Fluor 488 phalloidin (1:200, Life Technologies, US) for 2 h at room temperature. After rinsed 3 times with PBS, the samples were mounted using ProLong Gold Antifade Reagent with 4,6-diamidino-2-phenylindole (DAPI, Life Technologies, US). Images were obtained using Nikon Ti eclipse fluorescence microscope.

2.11. Cell morphology observation {#sec2.11}
---------------------------------

The MC3T3 cells at a cell seeding density of 10,000/cm^2^ were cultured on the samples for 1 day and prepared for SEM observation by following the same procedure as platelet adhesion study that was described in Section [2.7](#sec2.7){ref-type="sec"}.

2.12. Statistical analysis {#sec2.12}
--------------------------

All collective data from cell culture was mean as ± standard errors of at least triplicates. The statistical significances were analyzed based on two-tailed *t*-test, by using Prism 8 (GraphPad software, US), with the significance level defined as *p* \< 0.05.

3. Results and discussion {#sec3}
=========================

3.1. Phase identification {#sec3.1}
-------------------------

The XRD analysis revealed that $\alpha$-Mg (ICCD \#:00-025-0821) was the major phase in as-received Mg and all FSP Mg-HA composites ([Fig. 2](#fig2){ref-type="fig"}). The presence of HA peaks (ICCD \#:01-000-7087) are present in all FSP Mg-HA composites. The intensity of HA peaks ((202) and (302)) increased with increase in added HA content (encircled region in [Fig. 2](#fig2){ref-type="fig"}), indicating that not only the HA powder was successfully incorporated into Mg matrix but also the amount of HA content can be tailored via FSP. Furthermore, FSP Mg-HA composites had relatively broader $\alpha$-Mg peaks than as-received Mg. Our previous study showed that this peak broadening can be attributed to the refined grain structure within the matrix after FSP \[[@bib21]\]. The similar observation was found in HA (202) and (302) peaks, indicating the particle size was refined \[[@bib21]\]. This preceding analysis again verified that HA powder was successfully incorporated into Mg matrix via FSP. The following section will describe the observation of HA particle distribution within Mg matrix via scanning electron microscope.Fig. 2XRD spectra corresponding to as-received Mg and all the FSP Mg-HA composites.Fig. 2

3.2. Microstructure {#sec3.2}
-------------------

The secondary electron (SE) mode SEM images revealed the equiaxed grain structure in case of as-received Mg ([Fig. 3](#fig3){ref-type="fig"}) and an equiaxed refined grain matrix with secondary phase particles embedded within stir zone for all FSP Mg-HA composite ([Fig. 3](#fig3){ref-type="fig"}). The measurement indicated that after FSP the Mg grain size reduced from 7.7 ± 1.8 μm to range of 3.5 to 2.2 μm. This observation supported that the Mg peaks in the XRD spectra of FSP Mg-HA composites became broader compared to that of as-received Mg. It has been reported that the evolution of grain refinement during FSP was attributed to the occurrence of dynamic recrystallization \[[@bib36]\]. Moreover, the backscatter electron (BSE) mode and EDS elemental mapping analysis is presented in the form of distinct color associated with each element- Mg (red), Ca (blue), and P(green). It shows that the secondary phase particles in stir zone were composed of Ca and P elements ([Fig. 3](#fig3){ref-type="fig"}). Furthermore, the element mapping images also confirmed that the area faction of secondary particle within stir zone increased (1.64% ± 0.23, 5.10% ± 0.92, and 8.05% ± 1.24, respectively) with increasing added HA content. The observation along with XRD results ([Fig. 2](#fig2){ref-type="fig"}) further indicated that the additional HA content was successfully controlled and incorporated into the AZ31B matrix via FSP. More insights into microstructure evolution were obtained by observing the samples under TEM during the parallel work performed separately on these samples by the authors \[[@bib21],[@bib31]\]. Bright field and dark field TEM microscopy coupled with the collection of SAD pattern revealed dispersion of HA particles within *α*-Mg grain with the particle size ranging from micrometer to nanometer scale. Since HA particles play a role in bio-reaction in the biological environment, the further biomineralization and biocompatibility evaluation and discussion relating to Mg-HA composites are presented in the following subsections.Fig. 3SEM secondary electron mode, back scattering mode, and false-colored images of calcium (blue), phosphorus (green), and magnesium (red) elemental mapping images of as-received Mg and FSP Mg-5wt%, 10 wt%, and 20 wt%HA composites showing greatly refined microstructure after FSP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

3.3. Wettability {#sec3.3}
----------------

The quantification of three liquids contact angle and surface energy for as-received Mg and all FSP Mg-HA composites were listed in [Table 2](#tbl2){ref-type="table"}. The surface energy of as-received Mg was 37.92 mJ/m^2^, and 5, 10, 20 wt%FSP Mg-HA composites exhibited higher surface energy values (43.02, 44.33, 46.81 mJ/m^2^, respectively), indicating the increase of surface energy of AZ31B Mg alloy via FSP. Furthermore, it can be seen that the difference of surface energy between FSP Mg-HA composites was small. The results of SBF contact angle measurement clearly demonstrated that the FSP Mg-HA composites surface became more hydrophilic (contact angle range ≈ 45°--36°) compared to as-received Mg (≈50°) ([Fig. 4](#fig4){ref-type="fig"}). It can be noted that increase of added HA content further reduced the SBF contact angle, indicating the enhancement of surface wettability due to the presence of HA particles. In general, calcium being electrochemically active, the presence of HA facilitates heterogeneous nucleation within the metallic matrix and high energetic solid surface. Such a wetting favored surface is an important factor to determine the success of the implant-tissue integration \[[@bib37]\]. To further understand the effects of enhanced wettability on the growth of apatite in vitro environment, the study of biomineralization is discussed in the following section.Table 2The contact angle measurement and resultant total surface energy of as-received Mg and all FSP Mg-HA composites.Table 2Processing conditionContact angle measurement (degree)Surface energy components (mJ/m^2^)Total surface energy (mJ/m^2^)D.I WaterFormamide1-Bromonaphthalene$\gamma^{LW}$$\gamma^{AB}$$\gamma^{Total}$As-received Mg72.90 ± 3.0159.60 ± 2.6235.00 ± 2.1236.701.2237.92FSP Mg-5wt%HA49.50 ± 1.5044.20 ± 5.1918.20 ± 3.6842.210.8243.02FSP Mg-10 wt%HA49.20 ± 1.2542.40 ± 3.4421.00 ± 1.7141.502.8344.33FSP Mg-20 wt%HA48.50 ± 2.6548.80 ± 2.0916.71 ± 3.3742.544.2746.81Fig. 4The evaluation of surface wettability of as-received Mg and all FSP Mg-HA composites.Fig. 4

3.4. Biomineralization {#sec3.4}
----------------------

Previously, the biomineralization evaluation of as-received Mg and all FSP Mg-HA composites for various periods (1, 4, 8, and 12 days) of immersion in SBF was studied separately by the authors \[[@bib31]\]. The optical microscopy observation during this former study, which have been conducted by the authors, showed evolution of various types of surface morphologies including the mineral deposit and corrosion pits \[[@bib31]\]. Based on these observations, the samples in the longest period of 12 days immersion was considered due to the most promising mineral deposit layer formation compared to other immersed periods. Furthermore, there was no significant apatite morphology variation between different immersed period. Hence, the SEM image of 12 days immersed period was selected to represent not only as general but also long-term biomineralization characterization. Corresponding physical and compositional characteristics of these mineralized apatite characterized via SEM and the EDS are presented in [Fig. 5](#fig5){ref-type="fig"}. The mineral morphology of as-received Mg appeared to be a globular shape with petal-like surface structure ([Fig. 5](#fig5){ref-type="fig"}(a)). The corresponding EDS elemental analysis of the chemical composition of the mineral phases included Mg, O, Ca, and P elements. Different from as-received Mg, the mineralized phase which formed on all FSP Mg-HA samples were globular in morphology ([Fig. 5](#fig5){ref-type="fig"} (b) to (d)) with same elements as detected on as-received Mg. The similar mineral morphology was also be reported by Sung et al. \[[@bib38]\]. However, the results of EDS plots revealed that the predominant composition of mineralized surface of as-received Mg was Mg-based compound. Furthermore, in case of FSP Mg-HA composites, the higher intensities of Ca and P suggested the presence of CaP-based mineral. It can be noted that the particle size of the mineral on FSP Mg-20 wt%HA (1.79 ± 0.20 μm) was finer than that on 5 wt% (4.66 ± 0.55 μm) and 10 wt% (4.25 ± 0.49 μm) composites. It might be attributed to the rapid apatite formation rate due to higher surface energy and improved wettability. Such the fine globular morphology may be the favorable structure for tissue integration during implantation.Fig. 5SEM surface morphologies and corresponding EDS of the (a) as-received Mg, (b) FSP Mg-5wt%HA, (c) FSP Mg-10 wt%HA, and (d) FSP Mg-20 wt%HA after 12 days immersion in SBF.Fig. 5

The results of XPS analysis provided detailed information on chemical compounds and quantification of the elements in the mineral phase on the biomineralized samples ([Fig. 6](#fig6){ref-type="fig"}).Fig. 6XPS spectra of (a) Mg 2p, (b) Ca 2p~1*/*2~ and 2p~3*/*2~, (c) O 1s, and (d) P 2p elements of mineral apatite on as-received Mg and all FSP Mg-HA composites after biomineralization.Fig. 6

XPS spectra of all samples exhibited the presence of Mg 2p, Mg 2s, Mg KLL, Ca 2p~1*/*2~, Ca 2p~3*/*2~, P 2p, P 2s, O 2s, and O 1s peaks. The mineral phase on as-received Mg appeared to shift the binding energy of Mg 2p from 50.00 to 49.32 eV, signifying the tendency of formation of Mg(OH)~2~ compound within the mineralized phase \[[@bib39]\]. On the contrary, it is clearly shown that the Mg 2p peak for all FSP Mg-HA samples was low intensity peak with minimal shift in binding energy, indicating that the mineral phase was mainly constituted of CaP based phase. The P 2p plot also indicates that the existence of phosphate (PO^3−^) compound within mineral of all biomineralized samples \[[@bib40]\]. It is well known that Mg alloys are susceptible to corrosion in aqueous solution, resulting in formation of corrosion byproduct Mg(OH)~2~ compound \[[@bib8],[@bib41]\]. During immersion, large amount of Mg ions were released and then involved in the formation of mineral phase. This is likely to be the reason for formation of petal-like morphology on as-received Mg surface. On the other hand, the low degradation rate of FSP Mg-HA composites resulted in formation of the high Ca--P ration based apatite after biomineralization. [Table 3](#tbl3){ref-type="table"} lists the semi-quantitatively derived Ca and P atomic concentrations and their ratio (Ca/P). Ca/P ratio range between 1.42 and 1.60 for FSP Mg-HA samples, and hence is very close to the Ca/P atomic ratio of stoichiometric HA (Ca/P:1.64) and tri-calcium phosphate (TCP, Ca/P:1.5) \[[@bib17],[@bib42],[@bib43]\], This is indicative of the fact that FSP Mg-HA composite is highly preferable to form good quality of mineral phase suitable for implant application.Table 3Elemental composition and semi-quantitative analysis of Ca and P in terms of atomic concentration for the as-received Mg and FSP Mg-HA composites.Table 3Processing ConditionElements presentCa atomic concentration(%)P atomic concentration(%)Ca*/*P atomic ratioAs-received MgO, Mg, Ca, P5.21.064.91FSP Mg-5wt%HAO, Mg, Ca, P11.997.511.60FSP Mg-10 wt%HAO, Mg, Ca, P9.86.891.42FSP Mg-20 wt%HAO, Mg, Ca, P10.006.511.54

3.5. Hemocompatibility {#sec3.5}
----------------------

The blood compatibility of as-received Mg and FSP Mg-HA composites were evaluated via platelet adhesion and hemolysis tests. As shown in [Fig. 7](#fig7){ref-type="fig"}(a), more adherent platelets were observed on as-received Mg than all FSP Mg-HA composites. In addition, the platelets formed aggregates on as-received Mg while few platelet aggregates were observed on FSP Mg-10 wt% and −20 wt%HA composites. The significant difference was also verified in the quantitative analysis of adhered platelets ([Fig. 7](#fig7){ref-type="fig"}(b)). Platelet adhesion, spreading and aggregation are considered to be a major mechanism of thrombosis \[[@bib44]\]. These results indicated that the incorporation of HA particles provide an effective way to avoid thrombus formation of Mg alloys. Moreover, hemolysis, the damage of erythrocytes with the release of hemoglobin into the plasma, was examined. As shown in [Fig. 7](#fig7){ref-type="fig"}(c), the hemolysis ratios of all the groups were less than 5%, falling within the permissible limit for blood-contacting biomaterials according to ASTM F 756-08. These results suggested that embedding HA particles enhanced the blood compatibility of Mg alloys and the enhancement was a function of the HA content.Fig. 7Hemocompatibility of as-received Mg and FSP Mg-HA composites. (a) SEM images of adherent platelets on the samples. The white arrows indicated individual platelets and yellow arrowheads indicated platelet aggregates). (b) The corresponding number of adhered platelets. (c) Hemolysis ratio of different samples. \*\*p \< 0.01 between groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 7

3.6. Biocompatibility {#sec3.6}
---------------------

Cell compatibility is critical to implant biomaterials, and thus the cell biocompatibility on as-received Mg and all FSP Mg-HA composites was evaluated by MTT assay and cell counting. It was seen that cells cultured in FSP Mg-20 wt% showed significant higher values of cell viability and population after 1 and 7-day culture ([Fig. 8](#fig8){ref-type="fig"}(a) and (b)). On the other hand, the viability for as-received Mg and FSP Mg-5wt% and −10 wt%HA was similar after 1-day culture ([Fig. 8](#fig8){ref-type="fig"}(a)). After 7 days FSP Mg-10 wt%HA showed higher viability than as-received Mg. The cell counting results also showed higher cell population on FSP Mg-10 wt% and −20 wt%HA composites after 1 day and 7-day culture ([Fig. 8](#fig8){ref-type="fig"}(b)). These observations clearly showed that cell growth was promoted by the embedded HA particles via FSP, and increased as a function of the HA content in Mg matrix.Fig. 8The analyzed data of pre-osteoblasts (a) cell viability and (b) cell counting of as-received Mg and FSP Mg-HA composites after 1-day and 7-day culture. Cell viability data were normalized to the mean value of the data of FSP Mg-20 wt%HA groups.Fig. 8

To understand how the HA content promoted cell growth, we examined the interactions between the cells and the substrates. The immunofluorescent images ([Fig. 9](#fig9){ref-type="fig"}) displayed that the cells on all FSP Mg-HA composites exhibited mature actin fibers, and the cells on FSP Mg-20 wt%HA composites showed prominent actin filament expression compared to as-received Mg, FSP Mg-5wt% and −10 wt%HA groups. The immunofluorescence observation indicated the cell adhesion was enhanced by the added HA particles, in particular the FSP Mg-20 wt%HA, being consistent with both cell viability and cell counting results.Fig. 9The fluorescent images of pre-osteoblasts on as-received Mg and FSP Mg-HA composites after 1-day cell culture.Fig. 9

The cell-substrate interactions were closely inspected via SEM imaging ([Fig. 10](#fig10){ref-type="fig"}). The low magnification images revealed that the cell density on all FSP Mg-HA composites was higher than as-received Mg. The cracks observed on all test samples after cell culture. These cracks were likely to be discontinuous oxide layer resulted from the heterogeneous stress distribution during cell culture. Moreover, the cells on as-received Mg showed round shape with limited spreading while the cells on FSP Mg-HA composites were spread and more extracellular matrix (ECM) (the high magnification images) secretion. Notably, the cells on FSP Mg-20 wt%HA displayed much larger cell area and more ECM deposition compare to other groups. The high magnification SEM image in BSE mode ([Fig. 11](#fig11){ref-type="fig"}) clearly showed the formation of filipodia on the HA grains, implying the HA grains facilitated the cell adhesion and spreading. Evidently, the presence of HA contents enhanced the cell adhesion and thus promoted cell growth. The resulted cell growth accelerated the secretion of ECM proteins, which further affected cell growth positively.Fig. 10Low and high magnification SEM images of pre-osteoblasts on as-received Mg and FSP Mg-HA composites after 1-day cell culture.Fig. 10Fig. 11Ultra-high magnification SEM images in BSE mode shows adhesion of pre-osteoblasts on FSP Mg-20 wt%HA composite surface after 1-day cell culture.Fig. 11

According to the collective data of wettability, biomineralization, blood compatibility, cell viability, cell morphology, and cell adhesion, it can be concluded that the microstructure evolution and addition of HA within the Mg matrix during FSP offer enhanced effects on both biomineralization and biocompatibility in vitro. In the present study, the SEM observation along with surface energy characterization revealed that the refined microstructural FSP Mg-HA composites exhibited higher surface energy and lower SBF contact angle compared to as-received Mg. The similar observation was reported by Sunil et al. that pure Mg and AZ31 alloy with smaller grain size possessed higher surface energy than the matrix with coarse grain structure \[[@bib3],[@bib27]\]. In general, a grain boundary is an interface between grains, therefore due to the interfacial energy, the grain boundary area is more chemically active compared to grain interior. When the grain size of the matrix reduces, the fraction of grain boundary area with the surface becomes larger, resulting in enhancement of surface energy. In the present case, all FSP Mg-HA composites with various HA contents (5, 10, and 20 wt%) consisted of nearly same average grain size structure with a narrow variation in the surface energy values (43--48 mJ/m^2^, [Table 2](#tbl2){ref-type="table"}). This is indicative of the fact that refined microstructure in FSP Mg-HA composites played the predominated factor in surface energy evolution. On the other hand, even though HA content (particles) appeared to have minimal effect on surface energy, the data of SBF contact angle measurement provided significantly higher hydrophilic tendency on higher HA content composites ([Fig. 4](#fig4){ref-type="fig"}). This may be attributed to two additional hydroxide bonds in HA chemical formula, leading to more hydroxide molecule absorption from SBF solution. Furthermore, the dispersion of HA in various particle sizes (scale range: *μ*m to nm) not only reinforced the biomineralization, but also acted as a reactive site for cell grafting, adhesion, and growth due to their similar composition to the natural CaP mineral \[[@bib45]\]. It is notable that surface wettability is not only affects biomineralization but also benefits to the cell spreading and reduces platelet adhesion. The platelet adhesion relies on the binding of fibrinogen on the material surface, and fibrinogen seems more ease to be absorbed on the surface of low wettability, which favors platelet aggregation \[[@bib46], [@bib47], [@bib48]\]. As such, higher HA content composites promote blood compatibility, cell viability and cell spreading, indicating increased biocompatibility of these Mg-HA composites. [Fig. 12](#fig12){ref-type="fig"} illustrates the relations between wettability, platelet adhesion, and cell growth. Before FSP, the AZ31B Mg alloy exhibits lower wettability, platelet aggregation, and limited cell growth ([Fig. 12](#fig12){ref-type="fig"}(a)). After FSP additive manufacturing, the novel features (refined microstructure and HA composites matrix) promote both wettability and cell spreading and inhibit the platelet adhesion ([Fig. 12](#fig12){ref-type="fig"}(b)). This demonstrate that FSP approach holds a promise in producing the suitable Mg-based biomaterial with improved biomineralization and biocompatibility. In light of this, the efforts are ongoing to investigate and extend the FSP parameters and processing strategies for larger composites matrix to fabricate promising property of orthopedic implant for healing and reformation of bone.Fig. 12Schematic diagram demonstrates the improvement of wettability, cell viability, and platelet adhesion on FSP Mg-HA composites compared to as-received Mg.Fig. 12

4. Conclusions {#sec4}
==============

Mg-HA composites with varying HA content (5 wt%, 10 wt%, and 20 wt%) were additively produced using FSP technique. This process successfully resulted in mixing of HA in $\alpha$-Mg matrix without forming secondary phase in the stir zone. Furthermore, the refined grain structure was obtained within the stir zone of Mg-HA composites (average grain size in the range of 2.2 ± 0.25 μm to 3.5 ± 0.4 μm) compared to the as-received AZ31B Mg alloy (average grain size 7.76 ± 1.78 μm). In addition, the dispersion of HA with various size-scale was presented uniformly within the stir zone of Mg-HA composites. The combined influence of refined microstructure and HA dispersion in Mg matrix benefited the biomineralization and biocompatibility of FSP Mg-HA composites. The highest surface energy was obtained on FSP Mg-20 wt%HA composite (46.81 mJ/m^2^) compared to the as-received Mg (37.92 mJ/m^2^). The Ca/P ratio in the mineral phase (range:1.54 to 1.60) close to nature bone (1.64), indicating the favorable biomineralization property for tissue integration. All FSP Mg-HA composites possessed improved hemocompatibility, biocompatibility and cell adhesion compared to as-received AZ31B Mg alloy. Hence, this novel friction stir additively manufactured process can be utilized as a promising technique to develop Mg based composites for biodegradable implant application.
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